The ion cyclotron resonance of frequency heating (ICRH) plays an important role in plasma heating. Two ICRH antennas were designed and applied on the EAST tokamak. In order to meet the requirement imposed by high-power and long-pulse operation of EAST in the future, an active cooling system is mandatory to be designed to remove the heat load deposited on the components. Thermal analyses for high heat-load components have been carried out, which presented clear temperature distribution on each component and provided the reference data to do the optimization. Meanwhile, heat pipes were designed to satisfy the high requirement imposed by a Faraday shield and lateral limiter.
Introduction
In order to maintain the deuterium-tritium fusion reaction in the tokamak, an effective auxiliary heating method must be applied, since ohmic heating is insufficient. Ion cyclotron resonance of frequency heating (ICRH) is one of the most effective auxiliary heating methods with high performance in the establishment and maintenance of H-mode operation [1] . The ICRH system mainly consists of radio frequency (RF) generators, transmission systems, ICRH antenna and an impedance matcher. The RF power was generated by the RF generators and then transmitted by a transmission system. After being transmitted to the current straps of the ICRH antenna, the RF power is coupled into plasma in a vacuum chamber through the current straps [2] . Thus, the structure of the ICRH antenna plays an important role in increasing coupling efficiency. There are two sets of ICRH antenna designed for the EAST tokamak, which are located at the ports B and I, respectively. The ICRH antenna at the port B, which is discussed in this paper, will provide 3-6 MW of power for long-pulse (more than 1000 s) steady-state operation in the future [3] . The antenna is mainly composed of a Faraday shield (FS), lateral limiters, current straps, a vacuum transmission line (VTL), and a vacuum feedthrough, as shown in figure 1 .
As the front components of the ICRH antenna, the FS, current strap and lateral limiter will sustain high heat loads from plasma during the operation of EAST. In order to meet the requirements imposed by high-power and long-pulse operation of EAST in the future, an active cooling system needs to be redesigned to remove the heavier heat loads deposited on the components. The following optimization and analyses are based on the existing structure of the ICRH antenna at the port B of EAST.
Faraday shield

Existing structure of the FS
The existing FS structure is mainly composed of a Faraday shield box and cooling pipes, while the specific structure of the FS is shown in figure 2 . The Faraday shield is divided into two sections by a middle plate, while each one is fabricated by welding 41 u-shaped cooling pipes and an FS box together. The FS is made of 316L stainless steel, which satisfies the high requirement imposed by the special operational environment. The Faraday shield shields the current straps from the reflection of RF power and bombardment of fast ions [4] . In order to improve the cooling efficiency and save equipment cost, deionized water has been chosen to be the cooling medium which flows from the bottom pipe (inlet) to the top pipe (outlet).
In order to demonstrate the flowing distribution of cooling water in the FS, fluid analysis by ANSYS Fluent is carried out [5, 6] . The inlet mass flow rate is 0.8 kg s −1 according to the original EAST ICRH antenna data. The results of the analysis are shown in figure 3 , including the pressure and velocity distribution of the cooling water in the FS. As can be seen in figure 3 , the fluid pressure has a sudden change, since the pressure drop between the inlet and outlet is 0.055 MPa. The velocity distribution of the FS is not uniform and the velocity of the middle cooling pipes, which directly face the plasma, is very low, which may cause overheating of the tube wall. Therefore, the cooling structure of the existing FS needs to be optimized.
Optimization of the FS cooling structure
According to the numerical simulation results above, combined with fluid dynamics theory and the design experience of advanced tokamak ICRH antenna [7] , in order to reduce the pressure drop and improve the safety and economical operation of the equipment, the redesigned cooling structure of the FS is shown in figure 4 . The cooling pipe structure has been changed to S-shape, which can sufficiently cool all the FS components. Also, the FS box cooling channel has been designed to remove the heat load. A middle support plate, which is grounded, is designed to strengthen the central support and prevent current strap arcing by separating the current straps.
Thermal analysis of the FS cooling structure
To verify the feasibility of the designed cooling structure, a fluid analysis by ANSYS Fluent is carried out with the same boundary conditions. From the analysis results shown in figure 5 , it is obvious that the pressure drop is smooth from the inlet to the outlet, while the velocity distribution is also smooth. The inlet and outlet pressure drop of the optimized cooling structure is 0.049 MPa, which is smaller than the original structure of 0.055 MPa. In general, the integral optimized structure has a fine cooling capacity.
The FS will withstand thermal loads including plasma thermal radiation, high-power particle thermal radiation and RF loss during operation. Thus, thermal analysis is carried out to see the temperature distribution of the FS. The total heating power of EAST will approach 34 MW, while the plasma boundary has a surface area of about 50 m 2 [8] . Thus, under uniform-radiation consideration, the heat flux on the plasma facing components (PFCs) including the FS is about 0.68 MW m −2 . The heat loads were transformed into uniform heat flux density on the FS in ANSYS, and the result of specific thermal analysis is shown in figure 6 . Obviously, the average temperature of the overall structure is about 300°C. Due to the large heat loads and insufficient heat transfer, the maximum temperature of the FS is 503°C, which locates at the bottom of the middle plate. Thus, the maximum temperature of the FS exceeds the allowable operating temperature of 316L stainless steel, which is about 20°C-500°C. In order to achieve the requirements of the operating temperature of 316L stainless steel, the fluid boundary condition needs to be optimized by changing the fluid inlet mass flow rate. Mass flow rates of 1.5, 2 and 2.5 kg s −1 are taken into consideration, while comparing the temperature distribution and pressure drop between the inlet and outlet, respectively, as shown in figure 7.
As described in figure 7 , with the increase of the cooling water inlet flow rate, the fluid pressure drop gradually increased with the reduction of the FS maximum temperature. In order to reduce the pressure drop and pump power as well, the flowing velocity needs to be as small as possible. However, high flowing velocity is needed to provide enough heat transfer to ensure that the temperature of the FS is below the allowable operating temperature of 316L stainless steel. According to the analyses above, an inlet mass flow rate of 1.5 kg s −1 will be suitable for the optimized FS structure.
Current straps and VTL
Existing current straps and VTL structure
Current straps, which are located in the front of the ICRH antenna, play an important role in coupling electromagnetic waves for plasma heating in the vacuum chamber. The VTL is composed of two parts: inner conductor and outer conductor. The RF waves propagate between the inner and outer conductors, while the outer conductors are grounded for safety. The specific structure of the straps and VTL is shown in figure 8 . The applied material of both straps and VTL is 316L stainless steel. Due to the skin effect, the RF loss at the edge of straps contributes the most RF loss on the components, which is much higher than the other areas. Thus, the cooling channel is designed to be located at both sides of the straps. The VTLs have no cooling structure at present, which means cooling structure needs to be designed urgently. The cooling medium is deionized water.
Thermal load of the straps and VTL
During operation, thermal load of the current straps mainly consists of plasma thermal radiation and the Joule heat produced from current (RF loss). Due to the location with shielding of the front components, the VTL only sustains the RF loss heat load. As calculated in section 2, the heat flux on the PFCs including current straps is about 0.68 MW m −2 . Taking the effect of the FS into account, only part of the plasma radiation will come onto the current straps. With the transmittance of 36.58% of the FS, the calculation of the plasma radiation of the straps is described below:
During operation, the current straps and VTL will withstand Joule heating induced by current, especially RF loss. Due to the skin effect, the current will only focus on a thin layer on the surface of the conductor. The specific calculation of RF loss is shown by the equations below: In the equations: s d is skin depth, m; r is resistivity, Ω·m; f 2 w p = is angular frequency, rad/s; m is magnetic permeability, H/m; R s is surface resistance value, Ω; i is RMS value of current, A; C is the width of the current straps or the perimeter of the VTL section, m.
As can be seen from equations (2)-(4), greater material resistivity will lead to greater RF loss. In the future, oxygenfree copper with small resistivity will be plated on the outer surface of the current straps and inner conductors. According to the work frequency of 35 MHz and current amplitude of 600 A, the physical properties and heat flux density of RF loss are shown in table 1.
Optimization of straps and VTL cooling structure
According to the boundary conditions described above, thermal analysis of the existing current straps is carried out with an inlet flow velocity of 5 m s −1 , while the analysis result is shown in figure 9 . As shown in figure 9 , the maximum temperature of the strap appeared at the connection between the strap and inner conductor because of the lack of heat transfer here. The maximum temperature is about 1000°C, which is much higher than the allowable operating temperature 316L stainless steel. According to the analyses above, the existing cooling structure must be optimized. According to the consideration of the operation environment of the EAST ICRH antenna and the design experience of the KSTAR tokamak ICRH antenna [9] , the cooling circuit is redesigned, as shown in figure 10 , to improve the cooling performance of the straps and VTL. Cooling water distributes both edges of the straps and flows evenly to the surface channel of the inner conductor through a seal structure. Then, cooling water flows back to the straps through a middle pipe in the inner conductor. The current straps are bolted to the inner conductor and sealed by a Helicoflex sealing ring.
Numerical analysis of the straps and VTL
In order to obtain suitable fluid parameters of the optimized cooling structure, the pressure drop and temperature distribution are compared under inflow mass flow rates of 0.1, 0.2, 0.3, 0.4 and 0.5 kg s −1 , respectively, by fluid analysis by ANSYS Fluent, and the results are shown in figure 11 . As figure 11 shows, with the increase of mass flow rate, the total fluid pressure drop increases exponentially, while the fluid maximum temperature decreases in the opposite trend. In order to guarantee the security of the straps and VTL and the single-phase flow state of cooling water, the fluid maximum temperature must be smaller than the corresponding vaporization temperature. However, in order to achieve the most economical equipment, we must minimize the fluid pressure drop to reduce the pump power. Based on the analysis above, the mass flow rate is determined to be 0.3 kg s −1 .
Under such condition, the fluid pressure drop is 0.355 MPa and the highest temperature of the fluid is 92.9°C. The pressure and temperature distribution are shown in figure 12 . Based on the thermal load above, in the case of the inlet mass flow rate of 0.3 kg s −1 , the overall steady-state thermal analysis result of the straps and VTL is shown in figure 13 .
The highest temperature appears on both sides of the rounded edges of the straps where the heat load is much higher than in other places. The maximum temperature is about 260°C, which is below the 316L stainless steel material allowable temperature. In order to investigate properties of the optimized current straps and VTL, stress and strain analysis of the whole structure is carried out based on fluid-solid coupling analysis by ANSYS. As can be seen in figures 14 and 15, maximum stress and strain appeared at the edges of the current strap caused by the heavy thermal load, which indicated that a large temperature difference causes large thermal stress and thermal deformation.
The allowable stress S m of 316L stainless steel is 114 MPa at 250°C. It can be obtained from the results in figures 14 and 15 that the maximum stress in the structure is 542.38 MPa, which is larger than 3S m =342 MPa. According to the stress checking standards, stress linearization analysis through the thickness of the strap edge is needed to study the stress distribution status of the structure.
As shown in figure 16 , in the optimized strap structure, 
In the above equations: P m is membrane stress, MPa; P b is bending stress, MPa; S m is allowable stress, MPa.
The analysis results indicated that plastic deformation will appear, so that fatigue analysis needs to estimate the service lifetime of the structure.
According to the ITER database, a method to estimate low cycle fatigue lifetime of the structure through the maximum strain and temperature of the material is presented. The specific results are shown in table 2, where the data in the table represent the value of strain Δε t (%).
According to figures 14 and 15, the maximum strain D is 0.289% and the maximum temperature is 260°C at the same area. From table 2, the number of life cycles of the 316L stainless steel material is more than 20 000, which indicated that the optimized structure satisfies the requirement of the EAST tokamak experiment.
Lateral limiter
Structure of the lateral limiter
The lateral limiter was one of the PFCs designed to protect the FS from the bombardment of high-power particles of plasma. The material of the lateral limiter is graphite with a high melting point and great heat transfer performance. The lateral limiter has 30 parts located in both sides of the FS, and the specific structure is shown in figure 17 . The lateral limiter, which is designed to have a radian to adapt to the plasma configuration, is connected to the FS by a holder. The holder has a cooling structure to remove the thermal load from the plasma. The cooling medium is assigned to deionized water with high heat transfer performance.
Thermal load of the lateral limiter
The heat load from plasma will have great influence on the operation of the lateral limiter and FS. The thermal load of the lateral limiter mainly consists of the plasma thermal radiation and the high-energy particle thermal radiation. The heat flux density from the plasma thermal radiation is about 0.68 MW m , which has been calculated above. The thermal load caused by the high-energy particle thermal radiation is about 0.3 MW m −2 according to the experiment data in EAST and WEST [7] . Thus, the total thermal load is about 1 MW m −2
. . Figure 13 . Temperature distribution of the redesigned current strap and VTL.
Design of the cooling structure of the lateral limiter
According to the calculation above, the lateral limiter will sustain a heat load up to 1 MW m
, and so the design of the cooling structure is significant for removing the thermal load. The heat pipe, as a high thermal conductivity ability element, has been widely used in laptops, space vehicles and many heat exchangers. Lots of papers have explored the practicability of the heat pipe, which has been proved to be a potential heat transfer element to be utilized in high-heating power components of a tokamak device. J Rosenfeld has −2 using a series of experiments, which verified the feasibility of the heat pipe applied in the fusion domain [10] . A Makhankov has researched liquid metal heat pipes for divertors, which obtained a high heat transfer performance [11] .
A set of heat pipes is designed to be the cooling structure of the lateral limiter. The heat pipe consists of the working fluid and the shell, which can be divided into an evaporation zone, condensation zone and adiabatic zone. When it works, the cooling water circulates in the cooling structure. At first, the working liquid vaporizes in the evaporation zone, and then flows into the condensation zone. After being cooled outside the condensation zone, the cooling water condenses and flows back to the evaporation zone through the capillary action of a wick or through gravity.
The designed lateral limiter heat-pipe cooling structure is shown in figure 18 . There are 35 thermosiphons, which are divided into seven groups, while each group has five heat pipes, in the heat-pipe structure. Taking the special operational environment of the lateral limiter into consideration, the material of the heat pipe is 316L stainless steel and the working liquid material is deionized water. The parallel cooling method in the condensation zone can efficiently improve the cooling performance. The cooling water in the manifold is designed to flow from the bottom pipe to the top pipe, while ensuring the heat pipe is sufficiently cooled. Both sides of the heat pipe are welded onto the holder.
Conclusion
This paper mainly demonstrated the design and analysis of the EAST B port ICRH antenna cooling system. Based on the analysis of existing structure, new types of cooling structure including the FS, current strap, VTL and lateral limiter are designed. Thermal-hydraulic analysis in advance is essential for the optimization of cooling channels in the components above. The cooling structure was designed and optimized, especially when determining the flow rate of the cooling water, to ensure the uniform distribution of velocity and minimum pressure drop between the inlet and outlet of the cooling water. The abrupt changing of the velocity and large pressure drop of the cooling water will significantly impact on the lifetime and performance of the cooling system. In this paper, the heat pipes are designed to be welded onto the lateral limiter to produce high performance. This has been proved in several previous experiments. The ICRH antenna with the cooling system, in this paper, is adequate for the operation of long pulse at 12 MW, only if the temperature of the antenna induced by the rigorous condition (such as a hot spot) does not exceed the melting point of 316L stainless steel (about 1400°C). However, the calculation results need to be verified by the follow-up experiment in EAST.
